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Abstract 
Listeria monoctyogenes is a foodborne pathogen containing the surface protein, internalin A 
(InlA).  The expression of this protein permits the invasion of L. monocytogenes into 
intestinal epithelial cells expressing the receptor E-cadherin, thus crossing the intestinal 
barrier and resulting in listerosis.  The main aim of this work was to investigate InlA levels in 
different L. monocytogenes strains in both planktonic and sessile states using an anti-InlA 
antibody.  Biofilms were grown in high and low nutrient environments on glass, stainless 
steel and polytetrafluoroethylene (PTFE).  This study demonstrated that InlA levels varied 
greatly between strains and serotypes of L. monocytogenes.  However, the serotypes 1/2a, 
1/2b and 4b, associated with the largest number of outbreaks of listerosis consistently showed 
the highest InlA levels, regardless of nutrient content or planktonic or sessile state.  
Differences in InlA levels were also observed in biofilms grown on different surfaces such as 
glass, stainless steel and PTFE, with a significant reduction in InlA levels observed in 
biofilms on PTFE.  Interestingly, although a large number of the total cells observed in 
biofilms formed in tap-water were non-cultivable, the virulence factor, InlA, was expressed at 
levels between 78-85%, thus indicating that these cells may still be virulent.  A greater 
understanding of the factors that affect the levels of InlA on the surface of L. monocytogenes, 
is essential in the appreciation of the role of InlA in the persistence of biofilms containing L. 
monocytogenes and their potential to cause food borne disease.  
Key words 
Internalin A; Listeria monocytogenes; biofilms; planktonic cells 
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Highlights 
 Reduction in InlA levels in biofilms of L. monocytogenes when compared to 
planktonic cells 
 InlA levels highest in the L. monocytogenes serotypes 1/2a, 1/2b and 4b responsible 
for the majority of listerosis outbreaks. 
 Observed InlA levels between 78-85% indicate viable but non-cultivable cells may 
still be virulent. 
 InlA levels in biofilms were not affected by low nutrient conditions but affected by 
growth on different surfaces such as glass, stainless steel and polytetrafluoroethylene. 
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1. Introduction 
Listeria monocytogenes is a foodborne pathogen that causes gastroenteritis in healthy people 
and potentially cause life-threatening infections in high-risk individuals, such as the elderly, 
pregnant women and individuals suffering from immuno-compromising diseases, such as 
cancer or HIV.  Due to the high incidence of listerosis caused by the consumption of ready-
to-eat (RTE) foods, the permitted limits in RTE foods not able to support growth of L. 
monocytogenes during their shelf life is 100 CFU/g.  In foods that can support growth 
absence of L. monocytogenes in 5 x 25g is required, unless the manufacturer can demonstrate 
that the numbers will not exceed 100 CFU/g during shelf life.  No L. monocytogenes is 
allowed in 5 x 25g samples of foods intended for infants or for special dietary purposes 
(European Commission, 2005).  Reducing the contamination risk of this pathogen is 
challenging by virtue of its ability to grow at refrigeration temperatures, tolerate high salt 
concentrations and acidic media and form biofilms (Gandhi and Chikindas, 2007).  The 
virulence of L. monocytogenes varies between strains but of the 13 known serotypes, three 
(1/2a, 1/2b, and 4b) account for the majority of the listerosis outbreaks worldwide 
(Gianfranceschi et al., 2009; Kathariou, 2002; Mead et al., 2006).  However, even when only 
low levels of contamination occur in food, major outbreaks of listerosis may occur (Mead et 
al., 2006).   
 
Biofilms are populations of surface-associated microorganisms surrounded by an 
extracellular polymeric substance matrix primarily composed of polysaccharides (Donlan, 
2002).  Several studies (Bonsaglia et al., 2014; Chae et al., 2000; Gião and Keevil, 2014; Mai 
and Conner, 2007; Min et al., 2006) have demonstrated the ability of several strains of L. 
monocytogenes to form biofilms at different temperatures, nutrient conditions and on 
different surfaces.  Strongly adherent L. monocytogenes strains were found to be more 
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invasive than those that are weakly adherent under certain conditions (Kushwaha and 
Muriana, 2010).  The formation of biofilms protects L. monocytogenes from a variety of 
stress conditions, such as extreme temperatures, ultraviolet rays, biocides, desiccation and 
increased salt concentrations (see Carpentier and Cerf, 2011).  In biofilms, L. monocytogenes 
also show greater tolerance for disinfectants and sanitizers thus hampering decontamination 
(Pan et al., 2006). 
 
The expression of the 800 amino acid surface protein internalin A (InlA) on the surface of the 
cell allows L. monocytogenes to invade intestinal epithelial cells that express the receptor E-
cadherin and thus cross the intestinal barrier (Gaillard et al., 1991; Mengaud et al., 1996).  
Mutations in the inlA gene resulting in premature stop codons and, therefore, a truncated form 
of InlA, were identified in numerous L. monocytogenes isolates from both clinical and food 
sources (Nightingale et al., 2005).  Several studies (Jacquet et al., 2004; Nightingale et al., 
2008, 2005) have demonstrated a reduction in the invasiveness of L. monocytogenes strains 
containing a truncated InlA with Chen et al. (2011) suggesting that L. monocytogenes isolates 
that encode a full-length InlA may be as much as 10,000-fold more virulent than isolates with 
a truncated InlA.  InlA and InlB may also have a role in biofilm formation (Chen et al., 2008) 
with the expression of InlA and InlB shown to influence adherence to glass surfaces (Chen et 
al., 2009). 
 
Hearty and co-workers (2006) developed a monoclonal antibody (mAb2B3) capable of 
binding exclusively to L. monocytogenes by targeting the virulence factor InlA.  This 
antibody has a key advantage in terms of detection due to its ability to preferentially bind live 
cells.  That study also reported differences in the levels of the surface marker InlA in L. 
monocytogenes under different conditions.  Therefore, the aim of this work was to investigate 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
6 
 
InlA levels in different L. monocytogenes strains in both planktonic and sessile states using 
the mAb2B3 antibody. 
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2. Materials and Methods 
2.1 Materials, culture maintenance and innocula preparation 
All reagents were purchased from Sigma-Aldrich (St. Louis,MO, USA) and were of reagent 
grade, unless otherwise indicated.  
 
The bacterial strains used were shown in Table 1.  All the cultures are maintained in protect 
vials at -80
o
C and recovered onto brain heart infusion (BHI) agar (Oxoid, UK) prior to each 
experiment.  The BHI plates were then incubated at 37 °C for 48 h, sub-cultured once and 
incubated at 37 °C for 24 h before beginning the experiment.  For the purpose of this study, 
planktonic cells refers to cells grown in broth while sessile cells refers to cells from biofilms. 
 
2.2 Hybridoma culture, antibody purification and labelling  
Hybridomas producing the monoclonal antibody „mAb2B3‟ against the InlA protein on the 
surface of L. monocytogenes, [the production of which was described previously (Hearty et 
al., 2006)] were selectively cultured in Dulbecco's Modified Eagle Medium (DMEM) 
containing fetal calf serum (FCS) 5% (v/v).  The mAb2B3 antibody was purified from the 
hybridoma supernatant by affinity chromatography using a Protein G-sepharose column.  
Labelled mAb2B3 was prepared by incubating a 1 mg/mL solution of a fluorescein 
isothiocyanate (FITC)-labelled goat anti-mouse antibody prepared in phosphate buffered 
saline (PBS; 10 mM PO4
3−
, 137 mM NaCl, and 2.7 mM KCl, pH 7.4) with a 1 mg/mL 
solution of mAb2B3 at 37 
o
C for 30 min prior to use.  
 
2.3 Planktonic cells growth and preparation 
A loopful of the L. monocytogenes from a 24 h BHI agar plate was suspended in 10 mL BHI 
broth (Oxoid, UK) and incubated in a shaking incubator at 37 
o
C overnight at 200 rpm.  The 
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culture was centrifuged at 3500 g for 10 min and the pellet was washed twice with sterile 
PBS before the pellet was resuspended in 5 mL of sterile PBS.  A 100 µL volume of this 
suspension was then added to 10 mL BHI broth and incubated at 22 
o
C for 24 h.  After 
incubation the culture was again centrifuged at 3,500 g for 10 min and the pellet was washed 
twice with sterile PBS before the pellet was resuspended in 5 mL of sterile PBS. 
 
2.4 Surface preparation and biofilm formation 
One cm
2
 coupons of stainless steel  AISI 304, polytetrafluoroethylene (PTFE) and glass, 
prepared as described previously (Gião and Keevil, 2014), were used as surfaces to grow 
biofilms.  A loopful of the L. monocytogenes from a 24 h BHI agar plate was suspended in 
BHI broth (Oxoid, UK) or filter-sterilized dechlorinated tap water (TW) to a final 
concentration of 10
7
 cells/mL.  The sterilized stainless steel , PTFE and glass coupons were 
placed in a 6-well microtitre plate (Greiner bio-one, UK) and 5 mL of each bacterial 
suspension added to an individual well.  The plates were incubated at 22 
o
C for 24 h.  After 
that time two coupons were removed from each bacterial suspension and gently rinsed in PBS 
to remove loosely attached cells.  These coupons were transferred to a 15 mL centrifuge tube 
(Greiner bio-one, UK) containing 2 mL of sterile PBS and autoclaved glass beads of 2 mm 
diameter (Merck, UK) and vortexed for 1 min to remove biofilm from the coupons surface 
and ensure a homogeneous suspension of sessile cells. 
 
2.5 Quantification of sessile cells 
Total sessile cells were quantified by staining cells removed from the coupons with SYTO 9.  
Briefly, 1 mL of an appropriate dilution was mixed with 0.25 L of SYTO 9, incubated in the 
dark for 15 min, filtered through a 0.2 m pore size polycarbonate black Nucleopore® 
membrane (Whatman, UK) and air-dried.  A drop of non-fluorescent immersion oil (Fluka, 
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UK) was placed on top of the membrane and a cover slip added.  The membranes were 
observed under the episcopic differential interference contrast coupled with epi-fluorescence 
(EDIC/EF) microscope and 10 fields of view on each membrane were randomly chosen to 
count the number of cells (x100 objective lens).  A correlation factor correlating the area of 
the field of view to the area of the membrane was calculated.  This correlation factor was 
used to calculate the number of cells present on a membrane and, as each membrane 
contained the cells from 1 mL sample, the number of cells per mL.  To quantify cultivable 
cells, 40 L of an appropriate dilution in sterile PBS was plated onto BHI agar and incubated 
at 37 
o
C for 24 h. 
 
2.6 Extraction of surface proteins from L. monocytogenes and Western blot analysis 
L. monocytogenes strains (Lm1-8) were grown to exponential phase in 10 mL of BHI broth. 
The cells were harvested and washed 3 times with 5 mL of sterile PBS.  Surface proteins 
were solubilised by resuspending the washed pellet in 1 mL of 2% (w/v) sodium dodecyl 
sulfate (SDS) and incubating at 37 
o
C for 45 min while shaking at 125 rpm.  SDS 
polyacrylamide gel electrophoresis and Western blotting were carried out as described 
previously (Hearty et al., 2006) using purified mAb2B3 as a probe at a concentration of 1 
mg/mL.  
 
2.7 Analysis of InlA levels in both planktonic and sessile cells 
ELISA analysis 
To measure the InlA levels per unit of bacteria, the concentration of both planktonic and 
sessile cells were adjusted using sterile PBS to the same optical density at 600nm value 
(OD600 = 1.0) prior to the ELISA.  The wells of a Nunc Maxisorp™ plate were coated with 
100 μL aliquots of the adjusted cells to be tested.  The plates were incubated at 37 °C for 1 h 
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and after washing three times with 20 mL of PBS and three times with 20 mL of PBS/T [PBS 
containing 0.05% (v/v) Tween 20] the wells were then blocked with a 200 μL of a 5% (w/v) 
solution of dry skimmed milk powder (Premier International Foods Ltd., UK) in PBS at 37 
o
C for 1 h.  After washing a 100 μL sample of a 1 mg/mL solution of the unlabelled mAb2B3 
was added to the wells and incubated at 37 °C for 1 h.  The wells were washed and 100 μL of 
a 1 mg/mL solution of the secondary antibody (horse radish peroxidase-labeled goat anti-
mouse IgG) was added to the wells of the plate.  After 1 h incubation at 37 °C the wells were 
washed and 100 μL of 3,3',5,5'-Tetramethylbenzidine (TMB ELISA peroxidase substrate 
solution, cat no. OORA01684, Aviva Systems Biology, San Diego, USA) was added to each 
well and incubated for 15 min at room temperature.  The reaction was stopped at this point by 
the addition of 50 µL of 10% (v/v) HCl.  The absorbance was read on a Sunrise plate reader 
(Tecan, Männedorf, Switzerland) at 450nm. 
 
Microscope analysis 
The ability of the antibody mAb2b3 to bind to the sessile cells of the different L. 
monocytogenes strains was investigated under a microscope after removal of the sessile cells 
from the surface into 1 mL of sterile PBS.  Prior to microscopic investigation, the sessile cells 
were incubated with the FITC-labelled mAb2B3 solution (1 µg/mL) for 1 h at 37 
o
C.  After 
washing with PBS, L was transferred to a glass slide and let to air dry.  Cells were also 
stained with 4‟6-diamidino-2-phenylindole (DAPI) and both FITC and DAPI stained cells 
were observed under a Leica TCS SP2 confocal system (Leica, Germany 20X).  The % of L. 
monocytogenes cells expressing InlA on there surface were calculated from the images 
obtained using customised software developed in the Biomedical Diagnostic Institute.  This 
software was written in C++ net and was developed for the calculation of the percentage 
levels when two images are compared.  An image of the labelled cells in the DAPI channel 
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was compared to a corresponding image of the cells in the FITC channel (FITC-labelled anti-
InlA antibody, mAb2B3) and thus the percentages of InlA were calculated. 
 
3. Results and Discussion 
3.1 Anti-InlA mAb2B3 can bind to both planktonic and sessile cells 
The anti-InlA mAb2B3 successfully bound to all six L. monocytogenes serotypes tested in 
both planktonic and sessile states (Figure 1), however, the InlA levels in all strains were 
lower in sessile cells than in planktonic cells.  This was consistent with the findings of 
Khemiri et al. (2014), who also observed a decrease in virulence factors during biofilm 
formation in Legionella pneumophilia.  The InlA levels shown varied greatly between strains 
and serotypes of L. monocytogenes which was also consistent with a previous study by 
Werbrouck et al. (2006).  Although the InlA levels differed between the strains (Figure 1), 
interestingly the InlA levels were highest in strains Lm 2, 3, 4, 5 and 8 which account for the 
three serotypes (1/2a, 1/2b and 4b) associated with the majority of listeriosis outbreaks.   
 
3.2 Truncated form of InlA does not affect % levels or biofilm forming ability 
Western blot analysis (Figure 2) showed that strain Lm 3 had a truncated form of InlA 
compared to the other strains.  Although isolated from different sources, the strains Lm 4 
(CECT type strain), Lm 5 (isolated from cream cake) and Lm 3 (isolated from vegetables) 
share the same serotype 1/2b.  As, previous studies (Chen et al., 2008, 2009) showed that 
InlA and InlB proteins play an important role in adherence to surfaces, the ability of the Lm 3 
strain containing a truncated form of InlA to form biofilms was compared to Lm4 and Lm5 
strains containing a full length InlA.   
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No significant difference was observed between the total number of cells observed between 
the strains Lm 4 and 5 and the reference strain NCTC 13372 (with a full length InlA) 
compared to Lm 3 in either culture medium or tap water (Figure 3).  This indicates that the 
truncated InlA observed in Lm 3 had no effect on the ability of the strain to form biofilms in 
either a high (medium) or low (water) nutrient rich environment.  Wang and colleagues 
(2015) demonstrated that strains with full-length InlA isolated from retail deli environments 
had also enhanced adhesion and therefore biofilm forming ability when compared to a 
truncated form.  Contrary to these findings, Francoisa et al. (2009) demonstrated that a 
truncated form of InlA showed enhanced biofilm formation in clinical isolates when 
compared to full-length InlA suggesting that more evidence may be required to demonstrate 
the effect of truncated InlA on a strains ability to form biofilms. 
 
The percentage of cells expressing InlA on the surface (Table 2) was also unaffected by the 
truncated form of InlA (Lm 3) or the high or low nutrient environment (percentage of cells 
expressing InlA were 78-85% in tap water versus 84-85% in medium).  Not all of the cells 
shown in Figure 4A and 4B showed binding of the anti-InlA mAb2B3 to the surface, likely 
due to the fact that mAb2B3 will only bind to live cells (Hearty et al., 2006) whereas DAPI 
can stain both live and dead cells.  The binding site in InlA for the mAb2B3 is effected by 
conformational changes when the cells are dead and therefore no binding of the mAb2B3 will 
occur however the dead cell membrane can still be stained with the DAPI stain.  
 
As shown in Figure 3, the total number of cells observed in biofilms formed by the three 
strains Lm 3, 4, 5 on glass, stainless steel and PTFE surfaces in medium were significantly 
less than biofilms formed in tap water, thus confirming previous work also demonstrating 
lower cell numbers observed in biofilms formed in tap water (Gião and Keevil, 2014).  Also, 
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the number of cultivable cells decreased significantly for biofilms formed in tap water, 
possibly due to low nutrient availability thus resulting in a large number of the total cells 
observed in the tap water biofilms being viable but non-cultivable (VBNC).  The virulence 
factor InlA was expressed at levels between 78-85% in sessile cells grown in tap water thus 
suggesting that the VNBC cells may still be virulent, as shown in Table 2.  In contrast to the 
number of cells observed, the % InlA observed in the biofilms grown on tap water, did not 
differ significantly from biofilms grown in medium.   
 
3.3 Biofilms formed on different substrates can differ in InlA levels 
Differences in InlA levels were observed between L. monocytogenes strains in formed 
biofilms (Figure 5).  The strains Lm 2, 3, 4, 5 and 8, which represent the three serotypes 
(1/2a, 1/2b and 4b) most common in listerosis outbreaks, again showed the highest InlA 
levels.  Although the InlA levels differed between strains there was no significant difference 
in InlA levels between biofilms of the same strain grown in tap water when compared to 
medium (Figures 5 A and B) regardless of the surface used.  Similarly, only small differences 
were observed between InlA levels in biofilms grown on the hydrophilic surfaces glass and 
stainless steel, but, in contrast, the InlA levels in biofilms grown on the hydrophobic surface 
PTFE was significantly reduced.  The detrimental effect of hydrophobic surfaces on L. 
monocytogenes biofilms was also demonstrated by Bonsagilia et al. (2014) in which the 
hydrophobic surfaces effected biofilm formation   
 
4. Conclusion 
Environmental factors that affect the InlA levels in L. monocytogenes may also have the 
potential to effect the virulence of the strain.  The fact that this study has shown that InlA 
levels were unaffected by low-nutrient conditions and that InlA was present in cells of a 
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viable but non-cultivable state particularly in a biofilms is of great concern for food safety.  
Recognising that InlA is a major virulence factor in L. monocytogenes, this study highlighted 
the potential of hydrophobic surfaces in the reduction of InlA levels on the surface of L. 
monocytogenes.  With further investigations this may have implications in the control of L. 
monocytogenes in the food production environment.   
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Figures and Tables 
Table 1. Bacterial strains used  
Strain Name Serotype Source 
L. monocytogenes (Lm 1) 1a CECT4031 
L. monocytogenes (Lm 2) 1/2a Vegetable 
L. monocytogenes (Lm 3) 1/2b Vegetable 
L. monocytogenes (Lm 4) 1/2b CECT 936 
L. monocytogenes (Lm 5) 1/2b Cream cake 
L. monocytogenes (Lm 6) 1/2c CECT 911 
L. monocytogenes (Lm 7) 3a CECT 933 
L. monocytogenes (Lm 8) 4b CECT 4032 
L. monocytogenes NCTC 13372 1/2c NCTC® 13372 
L. innocua  ATCC 11288 
NCTC® = National Collection of Type Cultures 
CECT= Colección Española de Cultivos Tipo (Spanish type culture collection) 
ATCC= Amercian Type Culture Collection 
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Table 2. Percentage of L. monocytogenes cells expressing InlA in biofilms formed in BHI 
medium and tapwater  
 Percentage* of L. monocytogenes cells in biofilms 
expressing InlA on their surface (Average± SD**)  
Biofilms formed in BHI 
medium 
Biofilms formed in Tap 
water 
L. monocytogenes 
strains 
Lm 3 82 ± 6 82 ± 10 
Lm 4 85 ± 13 80 ± 6 
Lm 5 85 ± 2 85 ± 2 
NCTC 
13372 
85 ± 6 84 ± 8 
* Percentage calculated from the microscope images obtained using customised software 
**SD = the standard deviation from the mean for 3 experiments 
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Figure 1.  Analysis of InlA levels in planktonic and sessile cells of different L. monocytogenes strains.  The 
InlA levels were measured using an anti-InlA specific antibody in an ELISA format and the error bars represent 
standard deviation of 3 independent experiments.  Prior to ELISA analysis the planktonic cells were grown in 
BHI medium overnight at 22 
o
C and the sessile cells were recovered from biofilms formed on stainless steel in 
BHI medium for 24 h at 22 
o
C.  To ensure the InlA levels measured were per unit of bacteria, the concentration 
of both planktonic and sessile cells was adjusted using sterile PBS to the same optical density at 600nm value 
(OD600 = 1.0) prior to the ELISA.  
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Figure 2. Western blot analysis of InlA isolated from the different L. monocytogenes strains as follows: Lm1 
(1), Lm2 (2), Lm3 (3), Lm4 (4), Lm5 (5), Lm6 (6), Lm7 (7) and Lm8 (8) and was representative of three 
determinations.  The marker (M) used was PageRuler plus from ThermoFischer.  The amount of material loaded 
corresponds to 10 μg of protein from bacteria harvested in exponential phase (OD600 = 0.5).  The blot was 
probed with anti-InlA mAb2B3 followed by an HRP labelled rabbit anti-mouse antibody.  Bands representing 
the full length InlA (approx. 80 kDa) are observed in lanes 1,2, 4-8 while a band representing a truncated form 
of InlA (approx. 60 kDa) is observed in lane 3. 
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Figure 3.  The number of total and cultivable cells of L. monocytogenes biofilms formed on stainless steel 
surfaces in BHI medium (A) or tap water (B) after 24 h at 22 
o
C.  Error bars represent standard deviation of 3 
independent experiments.   
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Figure 4. InlA levels on surface of L. monocytogenes strains grown in biofilms on stainless steel at 22 
o
C for 24 
h.  (A) Confocal microscope image (20X magnification) of sessile cells stained with FITC-labelled anti-InlA 
mAb2B3 from biofilm of Lm 4 formed in tap water.  (B) Confocal microscope image (20X magnification) of 
sessile cells stained with DAPI from biofilm of Lm 4 formed in tap water. The size bars represent 50 µm.  
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Figure 5. InlA levels in biofilms of different Listeria strains formed in (A) BHI medium and (B) tap water using 
different surfaces.  The cell concentration for all strains was adjusted to OD600 = 1.0 before the ELISA was 
performed.  The error bars represent +/- the standard deviation from the mean for 3 experiments.   
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Highlights 
 Reduction in InlA levels in biofilms of L. monocytogenes when compared to 
planktonic cells 
 InlA levels highest in the L. monocytogenes serotypes 1/2a, 1/2b and 4b responsible 
for the majority of listerosis outbreaks. 
 Observed InlA levels between 78-85% indicate viable but non-cultivable cells may 
still be virulent. 
 InlA levels in biofilms were not affected by low nutrient conditions but affected by 
growth on different surfaces such as glass, stainless steel and polytetrafluoroethylene. 
